The human brain is a complex network of regions that are structurally interconnected by white matter (WM) tracts. Schizophrenia (SZ) can be conceptualized as a disconnection syndrome characterized by widespread disconnections in WM pathways. Aims: To assess whether or not anatomical disconnections are associated with disruption of the topological properties of inter-and intra-hemispheric networks in SZ. Methods: We acquired the diffusion tensor imaging data from 24 male patients with paranoid SZ during an acute phase of their illness and from 24 healthy age-matched male controls. The brain FA-weighted (fractional anisotropy-weighted) structural networks were constructed and the inter-and intra-hemispheric integration was assessed by estimating the average characteristic path lengths (CPLs) between and within the left and right hemisphere networks.
Introduction
Schizophrenia (SZ) is a devastating psychiatric disorder characterized by a distributed brain system. [1, 2] Previous neuroimaging studies have provided consistent evidence of disconnections among brain regions in SZ. [3] These disconnections lead to a reduced capacity to integrate information and, thus, may partially account for the deficits in cognition and abnormal behavior seen in SZ. [4] From this perspective, SZ can be understood as a disconnection disorder, resulting from aberrant integration of neural processes due to impaired neural connectivity between different brain regions. [5, 6] Many studies have identified altered connectivity within both left and right hemispheres in SZ. [7, 8] Morphological and functional imaging studies have reported widespread intra-hemispheric disconnection in the brains of persons with SZ. [9] Aberrant functional connectivity between the frontal and temporal cortex has been associated with auditory hallucinations in SZ. [10, 11] Diffusion tensor imaging (DTI) studies have also reported evidence of widespread disconnection in the brains of individuals with SZ. [12] Overall, most imaging study results suggest abnormal intra-hemispheric white matter (WM) structures in persons with SZ, particularly in the frontal lobe. [13] Altered inter-hemispheric WM integrity has also been reported in SZ. Previous studies reported reduced inter-hemispheric connectivity involving the frontal, temporal, parietal, and occipital lobes in SZ. [14] There are also reports of reduced connections of the corpus callosum (CC) or its subregions in SZ, and CC volume and fiber integrity have been negatively correlated with auditory hallucinations. [14, 15] This reduced interhemispheric connectivity may play a major role in the disturbed hemispheric co-operation in SZ. [16] Recent studies show that the brain network of SZ has preserved small-world topological properties characterized by a high level of segregation and global efficiency. [17] However, in SZ communication between specific brain regions have longer path lengths than in healthy controls, suggesting a reduced capacity to communicate with other brain regions and, thus, a less strongly integrated global network. [18] Gender is a key factor accounting for behavioral and cognitive differences between individuals; it may cause (or be the result of) differences in the patterns of neural systems. [19] Reported differences in the severity, symptom pattern, age of onset, and other characteristics of males and females with SZ [20, 21] support the hypothesis of gender-based differences in underlying patterns of anatomical connectivity of the brain. [22] However, most previous studies about neural networks in SZ include both male and female subjects, which may introduce unexplored confounding when comparing results with healthy controls or with other studies.
The principal aim of this current study was to further elaborate the abnormalities in the connectional architecture of the inter-and intra-hemispheric networks of male SZ patients. Previous studies in SZ have reported disruption of the topological organization in the whole-brain network [17, 18] and reduced functional connectivity between the same regions of the left and right hemispheres, but no significant abnormalities were found for brain-wide intra-hemispheric links. [23] The hypothesis being tested in the current study is whether or not male patients with paranoid SZ also exhibit abnormal topological organization in the inter-and intra-hemispheric networks and subnetworks.
Methods

Subjects
The enrollment of participants in the study is shown in Figure 1 . All patients invited to participate in the study were male inpatients in the acute stage of schizophrenia being treated at the Department of Psychiatry of the Nanjing Medical University-Affiliated Brain Hospital. If the patient or guardian agreed to participate in the study and signed the informed consent form, a detailed medical and psychiatric history was obtained and a formal diagnosis was determined using the Structured Clinical Interview according to DSM-IV criteria. [24] Excluded patients included those who a) did not have paranoid schizophrenia, b) had other comorbid Axis I psychiatric disorders, c) had a history of electroconvulsive therapy, d) had a history of neurological disorders or any serious medical illness (or illnesses that required surgery), e) previous traumatic brain injury, or f) were unable to undergo a magnetic resonance imaging (MRI) examination. The remaining patients underwent a MRI examination and the Positive and Negative Syndrome Scale (PANSS) [25] was administered by an experienced psychiatrist on the day of image acquisition. A control group of age, ethnicity, and education-matched healthy male subjects with no personal history of mental illness and no family history of mental illness in 1st degree relatives were recruited by advertisement from among staff members at the Nanjing Brian Hospital. Individuals who did not meet any of the exclusion criteria (above items c through f) and who signed a written informed consent underwent a MRI examination The protocol was approved by the Ethics Committee of the Nanjing Medical University-Affiliated Nanjing Brain Hospital.
Image acquisition and preprocessing
MRI data were acquired using a 3.0-Tesla Siemens Verio MRI scanner. T1-weighted (spin-lattice relaxation timeweighted) images were obtained using the following specifications: repetition time (TR)=1900 ms, echo time (TE)=2.48 ms, thickness/gap=1.0/0mm, flip angle=9°, inversion time=900 ms. DTI (diffusion tensor imaging) were acquired using the following specifications: TR=6600 ms, TE=93 ms, thickness/gap=3/3mm, flip angle=90°, 30 diffusion directions with b=1000 s/mm2. An additional image without diffusion weighting [i.e., b=0 s/mm 2 ] was also obtained. Data preprocessing was performed using the Functional Magnetic Resonance Imaging of the Brain Software Library-FMRIB's Diffusion Toolbox (http:// www.fmrib.ox.ac.uk/fsl/fdt/index.html). First, the DTI data were corrected for eddy current and motion artifact. Second, the diffusion tensors at each voxel were calculated. Third, the FA (fractional anisotropy) of each voxel was calculated and then the FA map was constructed.
Network construction and assessment of network
integration A network can be constructed by defining nodes and estimating edges. The definition of nodes and edges is important in the brain network construction as they are the most basic elements of a network. In this study, the procedure that we undertook to define the nodes and edges in each network were similar to those used in previous studies, which used an automated anatomical labelling (AAL) template to identify 45 cortical and subcortical regions in each hemisphere (see Appendix). [26] The steps in the construction of the network for each participant are shown in Figure 2 .
The characteristic path length (CPL) is the most commonly used measure of network integration. It is estimated by averaging the length of the shortest paths between all pairs of nodes in the network. [27, 28] We used the average CPL of the inter-hemispheric path lengths to assess the level of overall inter-network integration (termed LInter-H) between the left and right hemispheres and also assessed the level of intersubnetwork integration between the left and right frontal lobes (LInter-F), temporal lobes (LInter-T), parietal lobes (LInter-P), occipital lobes (LInter-O), and subcortical structures (LInter-S). Similarly, we used average CPL within each hemisphere to assess overall intra-network integration (LIntra-H) separately in the left and right hemisphere and also assessed the intra-subnetwork integration within the frontal lobes (LIntra-F), temporal lobes (LIntra-T), parietal lobes (LIntra-P), occipital lobes (LIntra-O), and subcortical structures (LIntra-S). [27] 2.4 Statistical analysis Statistical comparisons of network metrics between the SZ and control groups were made using two-sample two-tailed t-tests. To address the problem of multiple comparisons in the lobe-network metrics, a false discovery rate (FDR) correction [29] was performed with the threshold of p=0.05. In the patient groups we also calculated the Pearson correlation coefficients between the network metrics and scores on the PANSS.
Results
The MRI exam was undertaken for 32 patients and 28 controls, but 8 patients and 4 controls did not complete the examination because excessive movement during the exam invalidated the results. All 48 individuals who completed the MRI (24 patients with SZ and 24 control subjects) were right-handed and of Han ethnicity. The mean (sd) age of the 24 patients with SZ who completed the MRI was 29.2 (6.8) years while that of the 24 control subjects was 31.3 (6.3) years (t=1.24, p=0.276). At the time of conducting the MRI, the 24 patients with SZ had a mean duration of illness of 6.5 (4.2) years, were using a mean chlorpromazine equivalent dose of antipsychotic medication of 400 (102) mg/day, and the mean total PANSS score and positive symptom, negative symptom, and general psychopathology PANSS subscales scores were 100.7 (11.1), 29.4 (3.9), 21.0 (3.1), and 50.3 (6.5), respectively. Table 1 , all characteristic path lengths (CPL) assessed were longer in the patient group than in the control group. Some of these differences were statistically significant: the overall inter-hemispheric CPL (LInter-H) and the overall left and right intrahemispheric CPL (LIntra-H) were significantly longer in the patient group than in the control group; the subnetwork inter-hemispheric CPLs for the left and right frontal lobes (LInter-F), temporal lobes (LInter-T), and subcortical structures (LInter-S) were significantly longer in patients than controls; and the subnetwork right intra-hemispheric CPL for the frontal lobe (LIntra-F) was significantly longer in patients than in controls.
Inter-hemispheric and intra-hemispheric characteristic path lengths in schizophrenia
• 161 • Figure 2 . Flowchart of brain white matter (WM) structural network construction for patients with schizophrenia and healthy controls
The weighted brain WM structural network for each participant is constructed using the following steps: (1) The T1-weighted image is registered a) to the corresponding baseline non-diffusion-weighted (b=0) image using a linear transformation and b) to the standard FA template in the Montreal Neurological Institute (MNI) 152 standard space (MNI-152 space) using the FSL non-linear transformation. Using the transformation matrices created in these two register processing steps, the resulting transformation matrix from diffusion space to MNI space is calculated and stored for later use. (2) The white matter fiber bundles in the whole brain are defined by using DTI deterministic tractography with a Diffusion toolkit (http://www.trackvis.org) to generate the three-dimensional curves characterizing cortical fiber tract connectivity and to reconstruct white matter tracts of the brain network based on the diffusion map. [29] used to adjust for the multiple comparisons being conducted
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Correlation analyses
Main findings
Overall our results show that the characteristic path lengths of both inter-and intra-hemispheric networks are longer in males with paranoid schizophrenia than in controls, suggesting reduced inter-and intrahemispheric integration.
Impaired Inter-Hemispheric Integration
Functional integration is a major organizational principle of the human brain. [30] An efficient brain requires shorter average path lengths (an index of global integration) of the network. [31] We found significantly longer overall inter-hemispheric characteristic path lengths (LInter-H) in schizophrenia, implying relatively sparse global connectedness and, thus, deficits in interhemispheric integration. These results provide evidence of abnormalities of structural connectivity between the left and right hemispheres in schizophrenia and, thus, support the brain network disconnection model of schizophrenia.
The connectivity of the left-right inter-subnetworks was reduced in schizophrenia in all brain regions assessed, but it was most evident in the frontal lobes, temporal lobes, and subcortical structures. Short average path length between interconnected brain regions promotes effective information exchange across the whole brain and is believed to be the basis of human cognitive processes, [28] so the longer subnetwork left-right inter-hemispheric CPL in patients with schizophrenia suggest impaired informational exchange that may be related to the deficits in cognition and abnormal behavior seen in schizophrenia.
Some previous studies suggest that altered interhemispheric connectivity in schizophrenia is related to changes in the functional connectivity, volume, and integrity of the corpus callosum (CC). [14, 16, 32] One structural imaging study reported smaller CC volumes in SZ (especially in the posterior genu, isthmus and splenium) and decreased fiber integrity in the CC in SZ. [14] Another diffusion tensor imaging (DTI) study reported reductions in the size of the CC in SZ. [16] Thus, the changes of the CC (the major inter-hemispheric fiber tracts) may contribute to the reduced inter-hemispheric integration in SZ. [10] This is a parallel finding to studies showing that integrity changes in the genu of the CC are associated with volume changes in the frontal lobes in SZ. [16] These results converge with those from previous studies using fMRI and structural MRI which suggested that inter-hemispheric connectivity disturbances may play a major role in hemispheric co-operation in SZ. [33, 34] 
Impaired Intra-Hemispheric Integration
We also found longer CPLs of both the left and right intra-hemispheric brain networks, suggesting impaired intra-hemispheric integration. Previous imaging studies reported that impairments in the uncinate fasciculus (UF), which connects the frontal and temporal lobes, might contribute to the slower intra-hemispheric processing in SZ. [35] However, our analysis of intrasubnetwork integration found that the reduced regional integration (i.e., the longer CPL) -though present in all subnetworks -was most prominent in the right frontal lobe. This result is consistent with previous imaging studies, which reported disruptions of tracts in the cingulo-opercular network in patients with schizophrenia.
[5]
Limitations
There are several potential limitations to this study. All patients were males with paranoid schizophrenia who were taking antipsychotic medication during an active phase of their illness. We selected the sample in this manner to have a relatively homogeneous sample of patients (limiting variance in CPL between patients), but the down-side of this sampling process is that these results may not be representative of other cohorts of patients with schizophrenia; including female patients, patients with other subtypes of schizophrenia, patients in remission, and patients not taking antipsychotic medication.
The other major limitation of the study is that the sample size was relatively small, 24 individuals in each group. All 18 CPLs assessed were longer in the patient group than in the control group, but only in a few cases did these differences reach statistical significance; with a larger sample it is possible that all the differences would be statistically significant. And the correlation analysis between psychotic symptoms and the 18 different CPLs in the 24 patients only identified a single statistically significant correlation; it is probable that the correlations that exceeded 0.30 would have been statistically significant if a larger sample were assessed.
Implications
Our findings provide direct evidence of significantly longer characteristic path lengths of both overall inter-hemispheric networks and overall left and right intra-hemispheric networks in males with paranoid schizophrenia during the acute phase of their illness. Moreover, all subnetwork path lengths were also longer in patients than controls, though only some of these differences reached statistical significance. This finding supports hypotheses about the central role of reduced inter-hemispheric and intra-hemispheric integration in the etiology and course of schizophrenia. Based on this perspective, schizophrenia may be considered a 'disconnection disorder' of the brain network. The findings about the relationship of inter-and intrahemispheric integration and the severity of psychotic symptoms were inconclusive, probably due to the relatively small sample. All of these findings need to be confirmed with larger samples that including female patients, those with other subtypes of schizophrenia, and those not in acute phases of the illness.
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